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Abstract—Energy storage technologies are crucial to the 
future integrated energy system (IES) in the context of energy 
internet (EI). Liquid air energy storage (LAES) technology has 
been widely researched and implemented in the United 
Kingdom, since there are no special restrictions on geography 
compared to other technologies. However, there is little 
attention on LAES in China. In this paper, a linear 
programming model for the optimal scheduling of multi-
carrier energy networks considering LAES is established based 
on the concept of cryogenic energy hub, that is LAES-HUB. 
The results show that the daily operation cost of LAES-HUB 
model is 43735.28 RMB, which is even higher than the energy 
networks works without LEAS. LAES can achieve load shifting 
through peak and off-peak operations, providing an auxiliary 
function for energy balance in multi-carrier energy networks. 
Keywords—Energy Internet, Integrated Energy System, 
Energy Storage, Optimal Scheduling, Linear Programming 
I. INTRODUCTION  
The integrated energy system (IES) is the product of deep 
integration of multi-carrier energy networks with the 
internet. China is at a critical stage of industrialization and 
urbanization, and energy consumption will continue to grow 
[1,2]. IES is the key to realizing China’s future energy 
revolution by establishing a deep coupling system of supply, 
distribution and utilization of various forms of energy, such 
as electricity, heat, cold and gas. As the physical carrier of 
the energy internet (EI), the construction of IES is conducive 
to the large-scale development of renewable energy, 
improving the comprehensive utilization of various energy 
sources, and achieving the sustainable development of social 
energy. IES has become a promising strategic direction in 
energy field. 
The concept of energy hub was first proposed in [3], 
which is actually a microcosm of IES. Many comprehensive 
and in-depth studies have been conducted on modeling, 
optimization of system structure and analysing operational 
strategies of IES [4-9].  As a key component of the energy 
hub, in the future energy storage technology will be 
vigorously implemented in the context of EI to achieve the 
optimal economic operation of IES. In recent years, many 
studies have focused on implementing battery energy storage 
(BES) [5,6] or compressed air energy storage (CAES) [10] in 
multi-carrier energy networks. However, there was little 
attention in the implementation of liquid air energy storage 
(LAES) technology in China. LAES is a promising and one 
of the few storage technologies that can achieve large-scale 
applications without geographical restrictions, which is 
relatively mature and has been commercialized in the United 
Kingdom [11,12]. 
In view of the above research gap and the concept of 
energy hub, a linear programming model of LAES-HUB for 
multi-carrier energy networks optimization scheduling is 
established. The proposed model is then successfully applied 
to the case study of a regional multi-carrier energy networks. 
The paper is organized as follows: Section II describes the 
methodology and data; Section III presents the empirical 
analysis of the LAES-HUB model; and Section IV draws 
important conclusions. 
II.  METHODOLOGY AND DATA 
In this section, the concept of LAES is briefly introduced, 
and then the modeling process and data sources of the 
proposed LAES-HUB model are thoroughly described.  
A. The general concept of LAES 
In general, the thermodynamic cycle of LAES consists of 
three processes: air liquefaction, liquid air energy storage and 
air evaporation, as shown in Fig. 1. Heating and cooling 
energy storage processes are not considered in this figure  
since we only consider the charging and discharging 
processes of LAES in this study. In the process of charging, 
the surplus power from regional grid drives an air 
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liquefaction device to compress and refrigerate air to its 
liquid state, and then liquid air is stored in a low pressure 
insulated tank. In the process of discharging, liquid air is 
pumped to a heat exchanger at a high pressure that  
evaporates air and then expanded in a turbine to drive a 
coupled generator to produce electricity [11,12].   
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Fig.1. The general concept of LAES 
B. LAES-HUB model 
The LAES-HUB model, based on  the concept of energy 
hub, is shown in Fig. 2. The inputs of the model are 
electricity from the selected regional grid, natural gas and 
renewable energy sources (RESs). The outputs are 
electricity, heating, cooling for electricity load, heating load 
and cooling load respectively. The crucial components of this 
model are various energy storage and conversion units 
(ESCU), which are next thoroughly discussed. 
 
Fig. 2. The concept for the proposed LAES-HUB 
Fig. 3 displays the detailed framework for the proposed 
LAES-HUB model. Wind power and solar PV (photovoltaic) 
power are considered as RESs in this model. Energy storage 
and conversion units contain the LAES, transformer, 
combined heat and power (CHP), furnace, chiller boiler (CB) 
and electricity heat pump (EHP).The inputs and outputs of 
the ESCU are given in Table I. 
TABLE I.  INPUT AND OUTPUT OF ESCU 
Energy storage and 
conversion units 
Input 
energy 
Output 
energy 
Efficiency 
coefficient 
LAES Electricity Electricity η 
Transformer Electricity Electricity ηee 
CHP Gas Electricity ηge 
CHP Gas Heating ηgh 
Furnace Gas Heating ηfgh 
CB Heating Cooling ηhc 
EHP Electricity Heating COP 
EHP Electricity Cooling COP 
1) Objective Function 
The objective function (1) of this model is to minimize 
the daily operating cost (T) of multi-carrier energy networks, 
including electricity procurement cost from the regional grid 
(Tele), natural gas procurement cost (Tgas)  and environmental 
cost (Tenv). The symbols λele(t), λgas(t) represent electricity and 
natural gas price in time t respectively (RMB/kWh), while ρ 
represents the environment cost coefficient for carbon 
dioxide (CO2) emissions (RMB/kg) [4]. Similarly, ωele(t), 
ωgas(t) are equivalent CO2 emission coefficient for electricity 
and gas respectively (kg/kWh) [6]. 
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2) Physical Constraints 
Electricity demand and supply balance constraints are 
applied as follows: 
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Heating and cooling demand and supply balance 
constraints are shown in (3), where Bh(t) and Bc(t) are used as 
binary variables to make sure the EHP either works in 
cooling state or heating state. 
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LAES constraints are shown in (4), where η is the round 
trip efficiency. SEmax, SPmax are the capacity and power 
limitation of LAES respectively [13], Rc(t) and Rd(t) are used 
as binary variables to make sure the LAES either works in 
charging state or discharging state. 
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C. Data Sources 
Fig. 4 illustrates the power supply and demand data.The 
output power data for solar PV and wind were derived from 
[4].The power demand data for electricity, heating and 
cooling were obtained from [4,5]. The hourly energy prices 
for electricity and natural gas were also obtained from [5], as 
shown in Fig. 5. To match the power data of this multi-
carrier energy networks, the LAES with capacity of 
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Load
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Load
Gas
Grid
LAES-HUB
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350kW/2.5MWh was adopted for this research. The selected 
LAES will therefore provide a SEmax of 2.5MWh and a SPmax 
of 350kW. Detailed data for the chosen LAES can be found 
in [11,12]. In current analysis, we assumed that the charging 
and discharging processes of the LAES are in an ideal state.  
Therefore, the round trip efficiency we adopted for this 
LAES is 0.6. Other data for the ECSU were obtained from 
[4-9]. 
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Fig. 3. Framework of the proposed LAES-HUB model 
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Fig. 4. Power supply (from PV and wind)  
and demand (for Electricity, Heating, Cooling) 
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Fig. 5. Hourly prices for electricity and natural gas 
III. RESULTS AND DISCUSSION 
This section presents results of the simulation and 
analyses of daily operation cost, energy input for electricity 
and natural gas, and optimal operation state of LAES. It is 
expected that these results will have far-reaching influences 
on future planning of IES. 
A. Daily operation cost 
As can be seen from Table II, the daily operation cost of 
our proposed LAES-HUB model is 43735.28 RMB. 
However, it is only 42197.72 RMB for this multi-carrier 
energy networks without LAES, even about 3.52% less than 
the LAES-HUB model.  
The result obtained from the analysis is as expected since 
we did not take the internal heating and cooling processes of 
LAES into account, and we did not make full use of the 
heating and cooling energy released from the charging and 
discharging processes of LAES. Moreover, the capacity of 
the LAES is quite small to match our power data, and the 
round trip efficiency we adopted is only 0.6, much lower 
than those mature energy storage technologies with 
efficiency over 0.9, which may have played a decisive 
effect. These factors have a large influence on the above 
results.  
The abovementioned factors show that the LAES-HUB 
technology can be useful in a larger scale, and all those 
complicated processes involved in LAES should be taken 
into account, to take full advantage of LAES when 
integrating this technology into future IES.   
TABLE II.  COMPARISON OF OPERATING COSTS 
System operation state Daily operation cost (RMB) 
Without LAES 42197.72 
With LAES (LAES-HUB) 43735.28 
B. Energy input 
Fig. 6 illustrates the energy input of electricity and natural 
gas to the LAES-HUB. It is clear that the change trends of 
energy input curves are similar to the electricity and heating 
demand curves in Fig. 4. This means that this multi-carrier 
energy networks mainly depends on energy input to 
maintain its energy supply and demand balance, and LAES 
has only auxiliary effect on this system. 
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Fig. 6. Optimal input of electricity and natural gas  
C. Optimal operation state of LAES 
Fig. 7 displays the optimal operation state of the LAES in 
the multi-carrier energy networks. This figure shows that the 
LAES has perfectly realized the concept of peak and off-
peak operations [14]. In other words, the LAES stores 
energy in off-peak time, and releases energy in peak time. 
During the time of off-peak periods (e.g. from 1am to 
4am and 9am to 12am, the demand for the energy networks 
is low), the LAES worked in charging state, and surplus 
electricity was stored. In contrast, during the peak periods 
(e.g. from 18pm-22pm, demand is high), the LAES worked 
in discharging state, and stored electricity was released to 
meet the balance between supply and demand. 
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Fig. 7. Optimal operation state of LAES   
IV. CONCLUSIONS 
In this paper, a promising energy storage technology 
LAES was integrated in a multi-carrier energy networks, and 
a LAES-HUB model was established based on the concept of 
energy hub. The objective function of this model is to 
minimize the daily operation cost, through which some 
meaningful conclusions have been obtained and summarized 
as follows: 
1) The daily operation cost of LAES-HUB model is 
43735.28 RMB, which is even higher than the energy 
networks works without LEAS. This result was as expected 
due to the fact that an internal heating and cooling processes 
of LAES was ignored. 
2) Electricity demand and supply of the LAES-HUB 
system mainly depended on the energy input, and the LAES 
only played an auxiliary role. 
3) The LAES used in the proposed LAES-HUB can 
achieve load shifting through peak and off-peak operations, 
providing an auxiliary function for energy balance in the 
multi-carrier energy networks. 
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